In vitro susceptibilities of 36 zygomycete isolates, belonging to six genera, to itraconazole, posaconazole, voriconazole, terbinafine, amphotericin B and 5-fluorocytosine were determined by using a broth microdilution adaptation of the National Committee for Clinical Laboratory Standards M-38P reference method. The influence of incubation time on MIC values, and the performance of a spectrophotometric method for MIC determination in comparison with the visual reference method, were also evaluated. Amphotericin B was active against most of the isolates. All the isolates were highly resistant to 5-fluorocytosine (MICs > 256 mg/L). Voriconazole was significantly less active than the other drugs with an overall MIC 90 (MIC at which 90% of the isolates were inhibited) of 32 mg/L. In contrast, posaconazole showed good activity (MIC 90 1 mg/L). A wide range of MICs, from 0.03 to ≥32 mg/L, was obtained for itraconazole and terbinafine. Differences in susceptibility between and within genera were noted. Rhizopus spp. were significantly less susceptible to itraconazole, posaconazole, terbinafine and amphotericin B than Absidia spp., and less susceptible than Mucor spp. to amphotericin B. Terbinafine appeared to be more active against Rhizopus microsporus than against Rhizopus oryzae (geometric mean MIC of 0.15 and 64 mg/L, respectively). The activity of the drugs was dependent on the incubation period. A significant increase in MICs was noted between 24 and 48 h of incubation. On the other hand, the two methods used for MIC determination (visual and spectrophotometric readings) showed good agreement. These results suggest that the zygomycetes are a heterogeneous group for antifungal susceptibility. Some of the conventional and new antifungals are effective in vitro; their efficacies in vivo remain to be determined. The spectrophotometric method appears to be a valuable alternative to the visual method for MIC determination for zygomycetes.
Introduction
Zygomycosis is an aggressive and rapidly progressive infection occurring mostly in immunocompromised patients. Members of the genera Rhizopus, Mucor and Absidia are the organisms most commonly isolated from patients who have zygomycosis. Rhizomucor, Cunninghamella, Apophysomyces and Saksenaea are other zygomycetes that have been implicated in causing human diseases. 1 Intravenous amphotericin B is the treatment of choice for zygomycosis. Nevertheless the use of amphotericin B is limited by its severe side effects, and new drugs that may have a role in the management of these infections are needed. Despite antifungal therapy, mortality remains high, particularly in disseminated zygomycosis. 1 Although it is generally assumed that there is no indication for the use of azole drugs in treating zygomycosis, 2, 3 susceptibility studies in vitro and in vivo are very scarce. Moreover, it has been shown that azole compounds alone 4 or in combination 5 had beneficial effects in animal models of Rhizopus infection. Recently, the efficacy of itraconazole in the treatment of Absidia infection in mice has been evaluated. 6 Terbinafine is another sterol biosynthesis inhibitor, primarily used for superficial mycoses, but its current applications are being extended. Although low MICs of terbinafine for some zygomycete strains have been reported 8 the potential of this drug for zygomycosis is largely unknown.
Although there is no standardized method for susceptibility testing of filamentous fungi, an adaptation of the technique used for yeasts has shown good intra-and interlaboratory reproducibility 9, 10 and has been proposed as a standard method for conidium-forming fungi. 11 For zygomycetes, data generated in vitro with NCCLS-based techniques are scarce and a low number of strains have been tested. 8, [12] [13] [14] [15] [16] [17] [18] [19] One of the problems in the determination of MICs is that visual reading is time-consuming and subjective. Spectrophotometric MIC endpoint determination has shown good agreement with standardized visual reading for Candida [20] [21] [22] [23] [24] and Cryptococcus. 25 More recently, good agreement between visual and spectrophotometric reading has been reported for susceptibility testing of filamentous fungi. [26] [27] [28] The aim of this study was (i) to compare the activity of conventional and new antifungals against strains belonging to different genera of zygomycetes, and (ii) to evaluate a spectrophotometric method of MIC endpoint determination. 
Materials and methods

Test isolates
Inoculum
Isolates were grown on Sabouraud dextrose agar for 7 days at 30°C and stock spore suspensions were prepared by washing the surface of the slants with 2 mL of sterile saline containing 0.05% Tween 80. For A. elegans, sporulation was obtained by culturing the mycelium in sterile distilled water supplemented with 0.1% yeast extract for 10 days at 37°C. Spore suspensions were counted with a haemocytometer and then diluted into RPMI to a concentration of 2 × 10 4 spores/mL (twice final concentration). Inoculum sizes were checked by quantitative colony counts on Sabouraud dextrose agar.
Antifungal susceptibility testing
MICs were determined by a microdilution technique following the NCCLS guidelines 11 with slight modifications.
The drugs that were tested included itraconazole (Janssen Pharmaceutica, Beerse, Belgium), posaconazole 
Incubation and MIC determination
On the day of the test, each well of the microtitre plates containing 100 µL of the diluted drug concentration was inoculated with 100 µL of the inoculum suspension. Microtitre plates were incubated at 37°C and MICs were determined visually and spectrophotometrically after 16, 24 and 48 h incubation. MIC determination was performed in duplicate with similar results.
Visual MIC determination. Microtitre plates were read visually with the aid of a concave mirror, and the growth in each well was compared with that of the growth control. Each well was then given a numerical score according to the NCCLS guidelines: 4, no reduction in growth; 3, growth reduction of 25%; 2, growth reduction of 50%; 1, growth reduction of 75% or more; and 0, absence of growth (optically clear). Visual reading was always performed before spectrophotometric reading. MIC endpoints were defined as the lowest drug concentration that had a score of 0 for amphotericin B and a score of 2 for the other drugs.
Spectrophotometric MIC determination. Spectrophotometric readings were performed with an automated microplate reader spectrophotometer (Rosys Anthos ht3; Anthos Labtec Instruments GmbH, Salzburg, Austria) at 405 nm. MIC endpoints were defined as the lowest drug concentration that led to an inhibition of 95% or more for amphotericin B and to an inhibition of 50% or more for the other drugs.
Data analysis
MICs for 50% (MIC 50 s) and 90% (MIC 90 s) for the isolates tested were determined for genera for which ≥5 and ≥10 isolates were available, respectively. For calculation, the high off-scale MICs were converted to the next highest concentration and the low off-scale MICs were left unchanged. The difference in the distributions of MICs was determined by the Kruskal-Wallis test or the Friedman test, as appropriate. Discrepancies among MIC endpoints of no more than one dilution step were used to calculate the percentage agreement between visual and spectrophotometric readings. The correlation between the two methods was also assessed by the Spearman correlation coefficient. Statistical analyses were performed using GraphPad Prism version 3.00 for Windows (GraphPad Software, San Diego, CA, USA). Statistical significance was defined as P ≤ 0.05.
Results
MIC data
The MICs of the different drugs for the two NCCLS quality control isolates C. krusei ATCC 6258 and C. parapsilosis ATCC 22019 were within the expected range. 11,30 Table 1 summarizes the in vitro activity of the six antifungal agents tested against the 36 strains, as determined by visual reading after 24 h of incubation. Overall, amphotericin B and posaconazole were the most active drugs. Amphotericin B was active against most of the strains. However, two strains (one C. bertholletiae and one A. elegans) showed high amphotericin B MICs of 2 mg/L. All the strains were highly resistant to 5-fluorocytosine (MIC > 256 mg/L). Voriconazole was significantly less active than amphotericin B, itraconazole, posaconazole and terbinafine (P < 0.001). For all the strains, the MIC of voriconazole was ≥2 mg/L and the overall MIC 90 was 32 mg/L. A wide range of itraconazole and terbinafine MICs was obtained for Rhizopus spp. and Mucor spp. For the other genera (Absidia spp., Rhizomucor spp., C. bertholletiae and A. elegans), MICs of itraconazole and terbinafine were ≤1 mg/L. Some strains were very susceptible to these two drugs with MICs as low as 0.03 mg/L.
Rhizopus spp. were significantly less susceptible to itraconazole, posaconazole, terbinafine and amphotericin B than Absidia spp. (P < 0.01), and less susceptible than Mucor spp. to amphotericin B (P < 0.05). Differences in susceptibilities between species were observed among strains of Rhizopus. The susceptibility of R. microsporus to azoles and amphotericin B was similar to that of R. oryzae (data not shown). In contrast, the activity of terbinafine was significantly higher for R. microsporus than for R. oryzae (P < 0.001). The geometric mean MIC of terbinafine was 64 mg/L for R. oryzae and 0.15 mg/L for R. microsporus.
Influence of incubation time
The influence of incubation time on MIC values was investigated by reading the microplates after 16, 24 and 48 h of incubation. For 94% of the strains sufficient growth to determine MICs was obtained after 16 h incubation (data not shown). A significant increase in the MICs of all the drugs was noted between 16 and 24 h incubation (P < 0.05) and between 24 and 48 h incubation (P < 0.01 to P < 0.001), with the exception of amphotericin B MICs, which were not statistically different at 16 and 24 h. Variation of geometric mean MICs of the different antifungal drugs with incubation time is shown in Figure 1 . An increase in the MIC values, between 24 and 48 h incubation, of ≥2 dilution steps was noted in 56% of the strains for itraconazole and in 32% of the strains for terbinafine (data not shown). For these two antifungals, a dramatic increase in the MIC of six dilution steps was noted at 48 h for some strains.
Comparison of visual and spectrophotometric readings
Of the 2160 expected MICs (1080 visual/spectrophotometric pairs) for the 36 isolates tested, 1764 (882 pairs) were available for analysis. Absence of detectable growth after 16 and/or 24 h incubation and absence of spectrophotometric reading precluded MIC determination in 198 pairs. Very good agreement of 91-96% was observed for amphotericin B and posaconazole (Spearman coefficient of correlation of 0.81-0.98). For itraconazole, voriconazole and terbinafine, agreements ranged from 71% to 85% (coefficient of correlation of 0.68-0.94). For all the drugs, agreement was not dependent on the incubation time. The number of dilution differences between the two methods of endpoint reading is shown in Table 2 . Of the 122 MIC pairs with different visual and spectrophotometric MIC results, the spectrophotometric method yielded lower MICs than the visual method in 92% of the cases and higher MICs in only 8% of the cases.
Discussion
There have been few studies that examine the antifungal susceptibility in vitro of zygomycete isolates. Moreover, various techniques have been used to generate these data, rendering the comparison between studies very difficult. Recently, a reproducible technique to test the susceptibility of conidiumforming fungi has been proposed, [9] [10] [11] and for some strains the correlation between activity in vitro of itraconazole and amphotericin B and efficacy in vivo of these drugs has been tested. 31 Nevertheless, susceptibility data in vitro for zygomycetes obtained with NCCLS-based techniques have been limited to a small number of isolates. 8, [12] [13] [14] [15] [16] [17] [18] [19] In this study we compared the activity in vitro of six antifungal drugs (belonging to four different classes) against a large subset of zygomycete isolates (belonging to six different genera). All the strains were highly resistant to 5-fluorocytosine, which is in accordance with previous reports. 16, 18, 32 Amphotericin B was active against most of the strains. Previous susceptibility studies in vitro have also demonstrated good activity of this antifungal, and experimental studies have shown that amphotericin B was active in vivo in animals infected with Rhizopus [4] [5] [6] 31 or Absidia. 6, 7 Azole drugs are considered ineffective against zygomycetes. 2, 3 Nevertheless, some studies have shown that azole compounds may be active in animal models of zygomycosis. 4, 5 Moreover, recent results in vitro suggest that some zygomycete strains (particularly Absidia strains) are inhibited by relatively low concentrations of itraconazole. 15, 19, [32] [33] [34] In this study, we tested three different azoles: itraconazole, voriconazole and posaconazole. High voriconazole MICs of ≥2 mg/L were found for all the strains, and the overall MIC 50 was 16 mg/L. These results are consistent with previous studies. 13, 15, 17 For itraconazole, a wide range of MICs, from 0.03 to 32 mg/L, was found. Absidia and Rhizomucor, in particular, exhibited low itraconazole MICs. Recently, MICs of itraconazole ranging from 0.25 to 1 mg/L have been reported for 10 strains of A. corymbifera. 15, 19 Moreover, in a murine model of Absidia infection, itraconazole therapy was shown to increase the rate of survival of infected animals. 6, 7 Itraconazole MICs ranged from 0.25 to 32 mg/L for Rhizopus spp. and there was no correlation between MIC values and species (i.e. MIC distribution was no different for R. microsporus and R. oryzae). Itraconazole MICs ranging from 0.25 to >32 mg/L have been reported for Rhizopus spp. in previous studies using NCCLS-based techniques. 13, [15] [16] [17] [18] Posaconazole is a new azole antifungal agent with broadspectrum activity. 3 There have been few studies that examine the in vitro activity of posaconazole against zygomycetes. In vitro data are available only for Rhizopus spp., 3, 12, 16 and MICs ranged from 0.5 to 2 mg/L. In the present study, posaconazole showed good activity in vitro with an overall MIC 50 of 0.25 mg/L. Since the activity of posaconazole has not been yet studied in vivo in the treatment of zygomycosis, the activity of this antifungal should be validated in animal models. Primarily designed for superficial mycoses, terbinafine is a sterol biosynthesis inhibitor that may be effective for the treatment of systemic fungal infections such as aspergillosis 35 or pseudallescheriasis. 36 In the present study, a wide range of MICs was obtained for terbinafine. The drug was very active against all the Absidia strains and against some Rhizopus and Mucor isolates. Terbinafine has been tested in vitro against only a small number of isolates of Mucor and Rhizopus and found to have poor activity. Nevertheless, low terbinafine MICs have been reported for some strains. 8 We found a sharp difference in susceptibility to terbinafine between R. oryzae and R. microsporus, the latter being susceptible to the drug.
The results in vitro obtained in this study demonstrate that the zygomycetes consist of a heterogeneous group with variable antifungal susceptibility. Therefore, no general conclusions about the antifungal susceptibilities of all zygomycetes can be drawn from the results obtained from one genus or one species.
Zygomycetes are fast-growing fungi, and the NCCLS recommendation for Rhizopus is to read MICs after 24 h incubation. 11 Recently, an analysis of growth characteristics of different filamentous fungi has demonstrated that the end of the log phase of growth for R. microsporus was already reached after 16 h incubation in RPMI. 37 For this reason, we have determined and compared MICs after 16, 24 and 48 h of incubation. For most of the strains used in the present study, sufficient growth to determine MICs was obtained after 16 h incubation, although some strains required 24 h incubation. A significant increase in the MICs was noted between 24 and 48 h incubation. It is not known whether MICs obtained after 24 h are more clinically relevant than those obtained after 48 h incubation. For this reason, studies of correlation between MICs determined in vitro after 24 and 48 h incubation and activity of the drugs in vivo are warranted.
Visual determination of MICs is time-consuming and subjective. Determination of MICs spectrophotometrically has shown good agreement with standardized visual reading for Candida albicans, 21, 22 other Candida species 20,23,24 and Cryptococcus neoformans. 25 Nevertheless, for filamentous fungi, only a few studies have compared spectrophotometric and visual methods for reading MICs 26-28 and, to our knowledge, no study has been carried out with zygomycetes.
In this study we found good agreement between the two methods of reading for all the antifungal drugs. Therefore it can be concluded that spectrophotometric reading is a valuable alternative to visual reading for MIC determination. When discrepancies between visual and spectrophotometric methods were noted, MICs determined spectrophotometrically were lower than those read visually. These differences could reflect the difficulty in determining 50% inhibition of growth visually.
In summary, our results suggest the following. (i) Some of the conventional and investigational antifungals, besides amphotericin B, have in vitro activity against zygomycetes. Therefore, further studies in vitro and in vivo are warranted.
(ii) Within zygomycetes, there are differences between genera and between species in terms of their antifungal susceptibilities. (iii) Incubation time is an important variable for MIC determination in zygomycetes and the more relevant incubation time remains to be determined. (iv) A spectrophotometric procedure for MIC determination is a valuable alternative to visual reading.
